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Surnary

Plasma initiation from a poloidal coil set is dis-
cusscd for inducing the startup voltage where no mag-
netic flux is generated in the plasma region. A mathe-
matical expression is reported which states the current
distribution necessary in a toroidal shell for the zero
field condition insida. The combination of the startup
cuil in one physical unit with the vertical field coii
ia considered. A flux plot is discussed for the case
that the coil set is mounted outside thn toroidal fileld
colls and iron used for reducing the magnetic field
energy.

Introduction

Motivated by tha conclusions of Thomassen et al.
{(1976) that a large amount of anergy ls needod if the
plasma is initiated by inserting a reristor ("blip"
resistor) into thea bias current carrying ohmii-heating
coil, wo made an effort to reduce the ecnery, by a set
of dedicated and unbiaseud blip coils. The blip coils
ara draiqned to gonerata zero field in the plasma ro-
glon and supily the voltage pulsae, whercas most of the
blip energy is suppliad by magnetic coupling from the
VF coll circuits, thus roquiring contrelled power sup-
plien to maintain the correct VF currents. We con-
cluded, thercfore, that tho blip colls and their driver
circuity may best be combined with thouse foi the VF.
The magnetic field calculations include the configura-
tion with the combined VF-blip set located outside tho
TF coiln Ho the assembly and maintenance of the toka-
mak will be facilitated. cCalculations wore started to
include tne effects of iron fur reducing the poloidal
ficld encryy in a desiqn with the exturnal VE-blip ooils.

Combination of Hlip and EF Colls

It is possible to distribute any glven current
amonqg the individual turns forming the vertical fleld
enll to the plasma rogion ig virtually eaxcluded from
the paloldal field qenerated by the current in tho coll.

atima Lnltlation by inducing a puimed voltage in the
plasma rogion may thus be obtained by modulating the
current in the equllibrium cield colla.”?

our method of excluling the plasna region from the
blip finld Lo Justiriod by the bdeslizel case of a thin
tore, dal ghell carrylng current In the divection of
onlv the major azimuth. In thin caae, the zero fleld
cond Lion, B - 0, in gatiafied anywhere within the
shell iF the current disteibution ig given by

1 ai L "
r iy n, - anr (- y v 0) m
where 1o la the total cmrent o the ahell,

di/Zdn dtn polaldal distribution, r the minor radius of
the shell, and ¥ o tunetion of the palobdal, 1,00, miny
azfmuth angle detined much that 0 = 0 on the shell'a
oul 1ide pertacter, which {4 located in the flux noimal
nymmetry plane. A derivation ol . (1)
the Appendin. Flpore 1 oahuws o Hlux plot

Ia reported in
for a VF coil

ﬂ:huu'l]mull lon of the vertieal field (VF) ond bhlip
fleld requires lineartty in the 0 ovepaan Hoenlat tonship
an o Joundary condit fon.

set with 10 discrete currents distributed such that in
the intersection of the plasma region and the symmetry
Plana the ratio of the normalized average flux density
over the total current, 27 < rH >/I = 28. This corre-
sponds to a flux density of approximately 20 G for a
total blip current I = 2 MA.

The set of discrete currents was obtained
fvom the computer program, INSCOIL, by which the
equation' for the axial comporient of the magnetic field
of circular filaments is solved and the aet of filament
currents dotermined which satisfies, in the least squares
sense, a given set of axial field gradient components
under the followinj constraints:

a) The predetermined signs of the currents are to

remain invariant.

b) Secveral (€ 8) filaments may be ganged so their
currents are identical and thus approximate

the conductor of finite size.

c) Some filaments may be constrained to carry
currents, invariant under the least squares

fitting procass.

The least squares fitting routine uses tha llouseholder
transformation which multiplies the coefficient matrix
80 a triangular mutrix is obtained. This algorithm has
the important propertiern of numerical stabillity, high
accuracy evon for larqe arrays, and fast exccution for
the casc of tho fully rankod coefficlent matrix that
may be overdetermined, exactly determined, or under-
determined.

The "F coll in Fiq. 1 is located outside the TF
coiln to facilitate the acsembly and maintenance of the
tokamak. Tho elrctrical circuit with blip flux obtained
by modulation of the veriical finld currents requives
a programmnd power supply to mailntain the fixed current
balance among the turns of the VF as well as the blip
field for any value of the total current. This can be
done by a linear foedback circuit where the total VF
current in controlled to image the plasma current and
the total bilip current follown from the electromagnetic
ciranit bneluding the blip voltage aource,

Effreats of Tron

The great. advantage from o practical point - 1 viow
to have the VE=and=hlip collo mounted outalde the TF
colls 1s bought at the expente of a large {nerease in
fiold enmigy, unleas offective use in made of Lvon to
reduce the reluctance of the polofdal flux path. This
comcept s L1Tasteated by the flue plot of Fig. 2 Ln
which some of the oftecty of the following design fea-
turca are il1hat rated:

a)  In addition to providing the VF and blip field,
the VI' coila are uned an drivera for reversing
the flux corvesponding to =2 T at the :

and 2T at the end of the operat fng pulse,

b)) A commtant curremt aaperconduct ing biag corl
in woundd on the conter poat tron to provide

the hian tield ot -2 T,

Analyad:n and operat fon are complicated by the fron's
progence al varyimg levela of saturation hecaune the ing-
Auetance matrix varfon atgnificant ly over the operat lng



range. In the TNS case, it is expected that a flux
swing of 40 Vs over the ranga =2 T**°*2 T may be ob-
tained without varying the plasma major or minor radili.

For computing the inductance matrix, program
TNSCOIL can bae used after the addition of an algorithm
has bean implemented for computing the flux in alr in
the presence of its imave in the iron space and the
flux in iron in the presence of its imago in air. For
solving the operational problem, a pickup loop placed
around the centerpost iron may ba used in conjunction
with an integrator to supply fiux density information
for on~line correction of the control circuit's output
for the VP coil current control.
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Appendix

Conditions for Zero Field in the
Current Conducting Toroidal Shell

Consider a toroldal shell with thin wall of minor
radiuas r and major radius R. Wa want to know the cur-
rent distribution in the wall that ygencrates zero flux
inside the shall.

The zero ficld comlition inside the thin shell
requires that the sholl surfacn be ona with conatant
potential vector A. It im useful, therefore, to uine
the torolcdal coordinates obtainnd by twirling the
circlenr shown in Fly. A-1 about the z-axls. Tha toroi
dal coo.-llnatey natisfy the neceasary conditions of
orthogonality amd separabillty of the Laplace equation
into ordinary differential equations,  The conrdinates
are defined by

0)
m

x = a gslnh n con §/(couh n - con

Yy = a slnh n Ain ¢/ (cosh n = con (A-1)

z = anin 0/{cosh 14 = con 0) .,

The aurtacen of conntant n  are torolds, thoae of con-
constant 0 are aphet lcal Ixwlg, and the surfacen,

¥ = vondt, are half planea throngh the xlu of aymmetry
(Fig. A-1). The equal lonn for theds nurfaces are easily
obtalned from Egq. (A=1), 00 arn gome useful relat fonshipn
for thoe 1 = const and a ~ valura of tho nhell with givwn
minor and major radii r and 4 I.n,,

a-rlwn? -11Y (A-2)

n = arc cosh (R/r) {A-13)

The curl of the vector potential in toroidal co-
ordinates is obtained in the usual way of the general
exproasion for tho curl and the metric coafficients for
the coordinates considered, l.a., g;; = (3x/3n)? +
(By/an? + (2z/3n)2, gz, = (3%/30)7 + (dy/20)% +
(32/3¢) 2, etc., which yield the matrix

] o [}
a? [+ aimde l"l (]
g, )= ————~ inhy {(A-1)
i3 (cosh n-ccsd) o o an ,

Tha off diagonal elements are zero, thus indicating
orthogonality. We obtain, thus, an expression for the
curl, i.e.,

- - e
a, a, a,
¥ x % = lcosh n-cos )2] Doy e vy
a sinh n
Ay Ag A!lil.hz

[comhm-1038) (cory-006) (corhg-008)

(A-5)

We define one flux surface (N = conast, A = A‘ll = const)
at the shell where tha J directional current’ is imposed
and where, theraofore, An =Ay = oA/70 = JA/Jy = O.

These conditions follow from the aymme:iry of the defined
flux surface. For this one dimenslonal case, we fget

1 = cosh n _cos A

-6!K=A
a ainh n

“9 (A=6)
A polint should be made regarding the gonoral in-
tegral of Laplace's cquation in this coordinate aystcm.'
The separatlon equations lead, for the caso of axial
gymmetry, L.c., Y-independence of the potential, ¢, to

) 9in
$ = (cosh n-cos bYLE; I"n_", {cosh n) nl)

con

Coa

(a-n"
uin
¢ = (cash n-con M)V, Qn_v_(--nuh n) ( )n'l

Cyuation (A-7) shows dependence of n and 0, and the one
dimensional cane in whlch the potential depends on n
only or 0 only cannot occur In thene coordinates.  This
ir becanue the neparation function R - R (n, O, @) in
the polential Tunction ¢ + U () U (M=t (MR 13 qlven
by n v v

R= (coh n - mm())_l/? ’ (A-lnb

whleh 1o a funetion of ipoamd 0 and makes o one dimen-
slonal asolution {mposaible. The aurfaces - conat
other than the e defined on the shell are, thoref e,
not equipotentiala, even In the acalar potential case
of the olectrically charged metal toroid,

n,l‘“_u_, () and QI\-V-‘ (1) are the agnocfatod Logendre

finat lona,

R= R (M, 0, ¥ 9 not related to the aimllar notation
wiendl oluowhers in thin paper for the majm ralius.



By substituting Eqs. (A-2) and (A-3) in Eq. (A-6j
and eliminating the vactor potontial from the boundary
condition that the total current equal I, we get the
surface gradiont

H-He-'%;(l-%cos()) (A-9)

for a, n real, positive according te Eqs. (A-2) and
(A=3). The angle O is obtained from Eq. (A-1) for given
a= R? - r?)'2 and n = arc cosh (R/r).
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Fig. L. Blip field for coils outside TF coils.

Fige 2. BlIp ({eld for colln outnlde TF coflu
and with blan winding penerating 2 T
In Iron vore,

Flg. A-l.

—

Toroidal coordinate sysatem.



